This paper presents an analysis of the influence of the North Atlantic Oscillation on the pattern of lake ice phenology in Poland. The research embraced 22 lakes in Poland over the period 1961-2010. Strong relations were found to hold between NAO and individual characteristics of ice phenology. In a negative NAO phase, one can observe a later appearance of ice phenomena and ice cover compared with the average values, ice cover persisting even 30 days longer and being thicker even by more than 10 cm. In turn, in a positive NAO phase the duration of ice phenomena and ice cover is shorter, the cover being less thick and solid. The observed spatial differences in the effect of NAO on the pattern of ice phenomena in Poland show this matter to be fairly complex. The most significant factor changes in climatic conditions, which manifest themselves in the continentality of the climate growing eastwards.
INTRODUCTION
Of key significance for the operation of lakes in the middle and high geographical latitudes is thermal seasonality connected with ice phenology. The process of ice formation itself is well known and follows from an exchange of heat between a water mass and the surroundings. Its rate and scale are determined by many factors, among which Majewski (2007) lists air temperature, water temperature, water depth, etc. As a result of the appearance of ice, considerable changes take place in the operation of lake ecosystems that follow from the isolation of water from external factors (no waving, reduced light, etc.) . Those issues are discussed in many works, a survey of which has been made by Gerten and Adrian (2000) . An effect of the observed changes in climatic conditions is a shift in thermal seasons of the year (Thomson 2009 ) leading, among other things, to disturbances in the ice regime of lakes. Long-term observations show that the ice season tends to shorten and the thickness of ice cover to diminish (Futter 2003 , Korhonen 2006 , Jensen et al. 2007 , Leppäranta 2014 . The interpretation of the observed trends should accommodate the cyclicity of macro-scale factors embracing atmospheric and oceanic circulation (Brown and Duguay 2010) . What exerts a strong influence on the climatic conditions in Europe is the North Atlantic Oscillation (NAO). Its effect is visible in the pattern of climatic and hydrological characteristics, and has been documented in several works on precipitation (Bednorz 2011, Castro et al. 2011) , air temperature (Scaife et al. 2008 , Heape et al. 2013 , and river runoff (Pociask-Karteczka 2006, WrzesiĔski and Paluszkiewicz 2011) . The effect of the NAO has also been proved with reference to lake ice phenology (Maher et al. 2005 , George 2007 , Weyhenmeyer 2009 , Soja et al. 2014 , Sharov et al. 2014 .
This paper seeks to establish spatial differences in the parameters of lake ice phenology in Poland in average conditions and under the influence of the variable intensity of atmospheric circulation in the North Atlantic sector. The research conducted was designed to show that the level of intensity of the North Atlantic Oscillation caused significant differences in the ice phenology of lakes in Poland. The study was carried out on the lakes of northern Poland, i.e., a lakeland area embraced by the last Scandinavian glaciation. No detailed analysis of this issue has so far been made for such a large set of lakes in this part of Europe and for a 50-year-long observation period. Earlier studies of the effect of the North Atlantic Oscillation on the parameters of lake ice phenology in Poland only focused on small groups of lakes (Girjatowicz 2003 , WrzesiĔski et al. 2013 , four and three, respectively. The results obtained in those works reveal a strong link between this circulation and lake ice phenology, and encourage making such an analysis for a larger set of lakes.
MATERIAL AND METHODS
Observations of ice phenomena on lakes in Poland started as early as the 19th century. They mostly focused on the thickness of ice cover, more rarely on the start and end of its occurrence. Such measurements were performed for the purposes of fishing trade, but this material was scattered and nonsystematic, hence of little scientific worth (Skowron 2011) . Constant observations of ice phenomena are conducted by the Institute of Meteorology and Water Management (IMGW). Records are made of the dates of appearance of ice phenomena (the presence of ice in water in any form: shore ice, frazil ice), the appearance of ice cover, its breakup, the disappearance of ice phenomena, and the thickness of ice cover. At present, observations of the characteristics of ice phenology are conducted on 22 out of the country's 7000 lakes (of 1 ha and more in area) (Fig. 1) , the morphometric parameters of which are presented in Table 1 . This paper offers an analysis of the pattern of ice phenomena on those lakes in the period 1961-2010.
An analysis was made of ten parameters of lake ice phenology: the start and the end of ice phenomena (the first and the last day when any form of ice in water, identified with shore ice, was recorded) the start and the end of ice cover (the first and the last day when the lake surface in the observer's arc of visibility was completely covered with ice), the duration of ice phenomena and ice cover (the dates when shore ice and ice cover were observed for the first and the last time), ice cover thickness measured every five days, and the date of its maximum thickness (in the case of five lakes, no informa- Fig. 1 . Location of the studied lakes (numbering in accordance with Table 1 ), marked area is that of Last Glaciation; A -Pomeranian Lakeland, B -Mazurian Lakeland, C -Wielkopolska-Kujavia Lakeland. tion was obtained about appearance of maximum ice thickness). On the basis of those observations it was possible to determine ice cover durability, understood as the proportion of the number of days with ice cover to the number of days between the first and the last day with ice cover [%], and its duration, which means the proportion of the number of days with ice cover in the entire period of ice phenomena, i.e., from the first to the last day when those phenomena could be observed (e.g., shore ice, ice floe, etc.) [%] . In order to determine the dependence of changes in the ice phenology parameters on the intensity of the North Atlantic Oscillation, Pearson's coefficient of linear correlation was calculated (r), the correlation holding between the ice phenology parameters under study and Hurrell's winter NAO DJFM index. In the case of the start of ice phenomena and the formation of ice cover, also calculated were coefficients of correlation with seasonal NAO indices from the periods September-November (NAO SON ), October-December (NAO OND ), and November-January (NAO NDJ ).
Changes in the parameters of ice phenomena on the examined lakes in a positive and a negative NAO DJFM phase were determined on the basis of how those parameters differed from the average values from the years 1961-2010. The average values of those parameters were calculated for years with high (NAO DJFM > 1.63) and low (NAO DJFM < -1.09) values of the winter NAO DJFM index. Those figures correspond to the first and third quartiles from the entire set of NAO DJFM indices in the years 1961-2010. The statistical significance of those differences was examined using the T-test for stratified samples. Each time the hypothesis tested was H 0 :ȝ = ȝ 0 of the equality of the expected values against H 1 :ȝ z ȝ 0 . The rejection of the hypothesis allowed a conclusion about there being significant differences between the mean parameters of ice phenomena observed in the different NAO DJFM phases and the average values. To verify the hypothesis, use was made of a test for a small sample based on Student's t-distribution, with n -1 degrees of freedom:
where n is the sample size, V the standard deviation, x the mean of the sample, and ȝ 0 the mean of the population. In this paper use was made of the winter NAO index (NAO DJFM ) and seasonal NAO indices worked out by Hurrell (1995) .
To present spatial differences in changes in the parameters of lake ice phenology, the Surfer 10 Program (GoldenSoftware) was employed, and isolines were drawn using the kriging procedure.
RESULTS AND DISCUSSION

Average parameters of lake ice phenology in Poland in the years
1961-2010 On the lakes under study, ice phenomena begin in mid-December. The earliest ones start in the first half on the lakes in the Wielkopolska-Kujavia Lakeland, the western part of the Mazurian Lakeland, and the coastal lakes àebsko and Gardno (Fig. 2a) . On most lakes of the Pomeranian and Mazurian Lakelands, ice phenomena begin in the last decade of December, and in the case of Lake Lubie, in the first decade of January.
The spatial distribution of the dates of ice cover formation is similar, but about 10 days later (Fig. 2b) . On the lakes of the central part of the lakeland zone and on the coast, ice cover appears on average in the last decade of December, and on most lakes of the Pomeranian and Mazurian Lakelands, in the first decade of January, appearing the latest on Lake Lubie (11 January). What is highly characteristic is the spatial distribution of the date of the end of ice phenomena and ice cover. Those ice phenomenology parameters are the earliest on lakes in the western part of the study area: in the case of ice cover, in late February and early March (Fig. 3b) , and in case of ice phenomena, in the first decade of March (Fig. 3a) . Those dates are ever later in the easterly direction. In the eastern part of the Mazurian Lakeland, ice cover usually disappears in the third decade of March, and ice phenomena in the first decade of April.
The spatial distributions of the duration of ice phenomena and ice cover are similar. Ice phenomena last the shortest (under 70 days) on lakes in the western part of the area and near the sea, and the longest (over 100 days) in the east; cf. Fig. 4a . As to the ice cover, it persists for less than 60 days on the lakes in the west, and over 80 days in the east; cf. Fig. 4b .
Also the mean maximum thickness of ice cover on lakes grows eastwards, from about 20 cm in the western part of the area to over 30 cm in the east; cf. Fig. 5a . Spatial differences are wider in the case of the date when it attains its maximum thickness. This occurs the earliest on the lakes of the Wielkopolska-Kujavia Lakeland and on coastal lakes (late January and early February); cf. Fig. 5b . For most lakes this date falls in mid-February, and for those in the eastern part of the area, in the third decade of February. The durability of ice cover is the shortest in the case of coastal lakes (about 80%) and grows markedly eastwards to over 90%; cf. Fig. 6a . There is no such regularity in the spatial variability of the share of ice cover in ice phenomena. In the case of the coastal lakes, it is under 80%, and over 85% for the lakes in the central part of the Pomeranian Lakeland and the western part of the Mazurian Lakeland (Fig. 6b) .
Relations between lake ice phenology and the NAO
The results obtained show that the intensity of the North Atlantic Oscillation in the winter season strongly affects the pattern of ice phenomena on Polish lakes. This is corroborated by both, the correlation of the NAO DJFM index with the parameters of ice phenomena (Table 2) , and the calculated differences between those parameters in the different NAO DJFM phases and the average values (Figs. 7-14) .
In a positive NAO DJFM phase, the dates of the end of ice phenomena and ice cover on the lakes under study are usually about 15 days later than the average, and the calculated differences in the dates are statistically significant (p < 0.05); cf. Figs. 7 and 8. The date of the end of those phases of ice phenology is even over 20 days later on lakes in the direct neighbourhood of the Baltic (coastal lakes). In a negative NAO DJFM phase, the ending dates come earlier than average, and statistically significant differences (p < 0.05) range from under 15 days in the west and east of the lakeland belt to over 20 days in the case of the coastal lakes.
The deviations of the ending dates of ice phenomena and ice cover in the different NAO DJFM phases from the average values cause also their duration Table 2 Coefficients of correlation between the parameters of ice phenomena and NAO DJFM in those phases to differ markedly, and statistically significantly (p < 0.05), from the means. In a positive NAO DJFM phase, the duration of those characteristics is clearly shorter than the average, by more than 30 days in the case of the coastal lakes and those located in the western part of the country, dropping to under 20 days in the east. In a negative NAO DJFM phase, the duration of ice phenomena, as well as of ice cover, is markedly longer than the average, from under 20 to over 30 days. The observed differences are statistically significant (p < 0.05), but more diversified spatially, although still greater in the case of the lakes in the west (especially the coastal ones) and smaller in the east í under 20 days; cf. Figs. 9 and 10.
Changes in the intensity of the North Atlantic Oscillation also affect the maximum thickness of ice cover and the date of its appearance. In a positive NAO DJFM phase, the thickness is smaller, from under 10 cm on the lakes in the west of the country to over 10 cm in the eastern part of the lakeland zone; cf. Fig. 11 . In a negative NAO DJFM phase, the maximum thickness fig Fig. 9 . Differences between the duration of ice phenomena in a negative (NAO-) and a positive (NAO+) NAO phase, and the average values from the years 1961-2010; results of the test of the significance of the differences. ures are greater, in the western part of the lakeland by about 5 cm, although the observed differences from the average values are not statistically signifcant (p > 0.01). By contrast, the maximum thickness of ice cover on the lakes in the eastern part of the study area differs then in a statistically significant way (p < 0.05), by more than 10 cm; cf. Fig. 11 .
Also the date of the appearance of the maximum thickness of ice cover changes significantly depending on the NAO DJFM phase. In a positive phase it comes from under 10 to over 15 days earlier than the average, and in a negative phase, later; cf. Fig. 12 . The smallest deviations from average values, statistically not significant, can be observed on the lakes in the western and eastern parts of the lakeland belt, while the greatest, statistically significant (p < 0.05), differences occur on those in the central belt embracing the coastal lakes in the north and those of the Kujavia Lakeland in the south. In a negative NAO DJFM phase, the date of the maximum thickness of ice cover on the coastal lakes is later than the average even by more than 20 days, and the observed differences are statistically significant (p < 0.01).
The durability of ice cover in a positive NAO DJFM phase is from less than 5% to over 10% smaller than the average, and the observed differences are usually not statistically significant; cf. Fig. 13 . In a negative NAO DJFM phase the durability is greater. On the lakes in Poland's western part, however, this increase is not statistically significant, while in the central and eastern parts it is significant at p < 0.001.
Also smaller in a positive NAO DJFM phase is the share of the duration of ice cover in the entire period of occurrence of ice phenomena; cf. Fig. 14 . The drop in this proportion observed then against average values varies from under 5 to over 15%, only the greatest differences being statistically significant (p < 0.05). In turn, in a negative NAO DJFM phase this proportion grows and is 5-10% higher than the average. Out of the parameters under study, only the starting dates of ice phenomena and ice cover do not show any relation with the intensity of the North Atlantic Oscillation as expressed by the NAO DJFM index. Those dates usually fall in December; hence, the lack of a relation with the index determined for a later period is understandable. However, an analysis showed there to be a connection between the starting dates of ice phenomena and ice cover and NAO indices calculated for earlier seasons, especially NAO OND and NAO NDJ .
It is statistically significant (p < 0.05) for all the lakes with the exception of DrwĊckie (Table 3) . Twelve of the examined lakes also show statistically significant relations between the dates of appearance of ice phenomena and ice cover and the NAO SON index for the September-November period (p = 0.05).
In the study period, the lowest value of the NAO DJFM index was recorded in 1969 (-4.89) , and the highest in 1989 (5.08). In those years extremely different parameters of ice phenomena were observed on the lakes. In 1969 the average duration of ice cover was 113 days (the longest one, 136 days, persisting on Lake SĊpoleĔskie), as against a mere 16 days in 1989, while on ĩniĔskie DuĪe, Sáawskie, and Gopáo it was not recorded at all that year. The mean thickness of maximum ice cover in 1969 was 43.4 cm as against a mere 10.2 cm in 1989. It should be emphasized that in the entire multi-year period under analysis the year 1969 was the one when the maximum thickness of ice was recorded; in two cases (Lakes Studziennicze and Mikoáajskie) it reached 65 cm.
DISCUSSION
The duration of ice phenology in midland water bodies basically grows with the geographical latitude (Livingstone et al. 2009 ). However, this dependence can be modified by macro-scale circulation (which variously affects climatic conditions in different parts of the world, depending on its type), and by individual characteristics of lakes (ChoiĔski and Ptak 2012), their surroundings (ChoiĔski et al. 2013) , and the local circulation (Blenckner et al. 2004) .
Ice phenology is directly connected with the thermal balance of a lake. Over the last decades, there has been a more rapid increase in air temperature in the spring period (Benson et al. 2012) . This translates into higher temperatures of lake water. In the case of Polish lakes, it is precisely in spring that it grows the fastest, 0.2-0.5°C decade -1 (Skowron 2011) . A consequence has been a quicker disappearance of ice cover, and thus its shorter duration. As a result, the tendencies of change in the pattern of ice phenology recorded for Polish lakes in the second half of the 20th century are mostly downward ones (Pasáawski 1982 , Marszelewski and Skowron 2006 , ChoiĔski et al. 2014 .
The relations between the temperatures of air and water are closely associated regionally with the macro-scale circulation of the atmosphere (Dąbro-wski et al. 2004 , Livingstone et al. 2010 . The analysis of NAO-related changes in the thermal conditions of lakes in Poland conducted by WrzesiĔ-ski et al. (2015) showed considerable deviations from mean values (both 1°C lower and higher, depending on the circulation phase), and those deviations were readily visible in spring, i.e., in the period of ice cover destruction.
In the case of European lakes, also their ice regime shows strong relations with the NAO circulation (Dokulil 2013) . When analysing the pattern of ice phenomena on the largest lake in England (Windermere), George (2007) found that this circulation type had greatly influenced ice formation on it for over 30 years, and the link between this phenomenon and the NAO accounted for 50% of inter-year changes. In the case of Lake Erken located in the east of Sweden, an earlier decay of its ice cover was closely related with a high NAO index (Blenckner and Chen 2003) . In turn, Maher et al. (2005) analysed two winter seasons in the different NAO phases on Lake Vendyurskoe in the northern part of Russia and noted that ice cover tended to be thicker in a negative phase, while its duration did not differ significantly in the two periods analysed. The relations between lake ice phenology and the NAO have also been documented for other regions of the Northern Hemisphere, e.g., in Siberia (Livingstone 1999) or North America (Livingstone 2000) . The ice cover of the North American Great Lakes has a linear connection with the NAO and is thicker or thinner depending on its phase (Bai et al. 2012) .
In the case of Polish lakes, all the examined characteristics of ice phenology respond to variations in the pattern of macro-scale circulation by deviating from the mean values. This is especially significant for the duration of ice cover, which isolates a lake from the influence of external factors, and this, as has been mentioned in the Introduction, completely changes the operation of the given ecosystem. The inter-year variability of this characteristic in Poland is considerable and amounts to over a month, depending on the phase and intensity of the NAO.
The NAO is an essential but not the only element responsible for the pattern of lake ice phenology in this part of Europe. This is indicated by the spatial differences in conditions of lake ice phenology in Poland reported in this paper. Karetnikov and Naumenko (2008) came to similar conclusions in the case of Lake Ladoga; they found a connection between the NAO and ice phenology which was absent when ice cover exhibited extreme characteristics. In principle, the severity of ice phenomena on Polish lakes grows eastwards. This has been observed by, e.g., Girjatowicz (2003) for four coastal lakes. Thus, what should be taken as the basic feature influencing the length of the ice season on the lakes under study is their location. Departures from this rule are connected with morphometric characteristics of individual lakes and local conditions. Of key significance for lakes located in the lowland zone are the former, and the effect of the surroundings on the pattern of lake ice phenology is especially readily visible in mountain lakes, as corroborated by the research conducted, among others, by Novikmec et al. (2013) .
The most important morphometric feature of lakes in terms of ice phenology is their depth, because it decides about the amount of accumulated warmth and hence about the time needed for cooling and freezing (Korhonen 2006) . However, in the case of the lakes analysed here, this feature is not readily visible. A later start of the appearance of ice cover was recorded in both, one of the deepest lakes (e.g., RaduĔskie Górne) and one of the shallowest ones (e.g., Gopáo). This situation illustrates the complexity of overlapping processes and environmental features, the resultants of which are the formation and disappearance of ice in lakes.
The transformation occurring in the conditions of the ice phenology of lakes affects their operation throughout the year, not only in winter. There are many works that connect the physico-chemical conditions of lakes (Leppäranta et al. 2003 , Witek and Jarosiewicz 2010 , Mihu-Pintilie et al. 2014 and biological ones (Pettersson 1990 , Hurst 2007 , Vehmaa and Salonen 2009 with their ice phenology. The effect (or its absence) of ice phenology on living conditions is also observed with reference to lakes in Poland (Toporowska et al. 2010 , Wojciechowska and Lenard 2014 , Sienkiewicz and Gąsiorowski 2014 , Messyasz et al. 2015 , Peáechata et al. 2015 . The considerable differences in the duration of ice cover may change the species composition of both flora and fauna, which in consequence can lead to the replacement of present species by other organisms. As has been observed by Ptak (2013) , the disappearance of the most endangered species would be especially detrimental.
CONCLUSIONS
The results presented in this paper concerning the pattern of lake ice phenology in Poland against changes in the intensity of the North Atlantic Oscillation are similar to those established earlier for lakes of the Northern Hemisphere. In the different NAO phases, wide, statistically significant differences can be observed between the values of ice phenology parameters (e.g., those concerning shore ice, ice cover, its thickness, etc.) and the mean figures. Of special importance are the considerable deviations from the duration of ice cover í an element which, by isolating water masses from external factors and processes, has the strongest influence on the operation of lakes. Also established were spatial differences in the scale of the effect of the NAO on the conditions of ice phenology of individual lakes. Like the studies by other authors cited here, it is a proof of the complexity of this issue. The effect of the NAO circulation can be stronger or weaker, depending on individual morphometric characteristics of lakes.
The results obtained can be a valuable starting point for further research on lake ice phenology. In the future it might be advisable to build models describing variations in the characteristics (both chemical-physical and biological) of lake ecosystems by accommodating changes in their ice regimes. With detailed multi-year information on the pattern of lake ice phenology for a large set of objects, it will be possible to formulate general regularities concerning lakes in this part of Europe.
